Direct casting is a processing method that can produce large parts of complex geometry. It uses dispersions of ceramic particles in water and a hydraulic binder for consolidation. Studies on castable structures have reported the generation of a significant fraction of pores due to the presence of water. is effect occurs because drying preserves part of the interparticle pores originally occupied by water. e fraction of pores obtained in these cases can reach levels higher than 50%, affecting the properties of the structure. However, the porogenic behavior of water in these materials was not investigated in depth. In this work, aqueous suspensions of calcined alumina and hydratable alumina (hydraulic binder) of different water contents (40-60 vol.%) were prepared in a paddler mixer. For compositions of lower (5-35 vol.%) or higher (66-80 vol.%) water amounts, casting and curing steps were assisted by external pressure and a rotating device, respectively, to produce homogeneous microstructures. e total porosity after drying was similar to the initial volumetric content of water in the compositions when side effects, such as sedimentation and air entrapment, were prevented. Below water content of 25 vol.%, particles packing flaws became the main pore generator and the hydroxylation reaction of the binder no longer occurred effectively.
Introduction
In the process known as direct casting, ceramic particles are mixed with water, additives, and a binder to produce a stable suspension [1] [2] [3] [4] [5] . After homogenization, the system is cast into the desired shape and curing reactions harden the structure [6, 7] . e parts are then demolded and dried (in some cases, further steps of thermal treatment are required). Due to its straightforwardness, direct casting is widely used to produce large parts of concrete in civil construction [5] and pieces of complex shapes of refractory materials [3, 4, 6, 7] and recently has been used to produce porous structures for hightemperature thermal insulation [8] [9] [10] [11] . Water is a key ingredient in such processes and plays three main roles.
Firstly, water wets the surface of ceramic particles forming a continuous phase amongst them (Figure 1(a) ) [5, [12] [13] [14] [15] . Stable suspensions containing high solid loads can be produced using particles of optimized size distribution, proper dispersants to prevent agglomeration, and suitable mixing of high shear and turbulence [16] [17] [18] [19] [20] . Under favorable conditions, such suspensions can present low viscosity and excellent workability, which are requirements to facilitate the casting step and prevent the undesired entrapment of air bubbles into the structure. Secondly, the presence of water generates strong capillarity forces amongst large and fine particles (Figure 1(b) ) [17, 18, 20, 21] . Such forces are known as Wall effect and improve the packing efficiency of the system (compared to the same particle size distribution without water or application of external compacting forces). irdly, water is a major component of most binding systems for castable suspensions (Figure 1(c) ) [22] [23] [24] [25] . e reactions amongst water and hydraulic binders (such as Portland and calcium aluminate cements, hydratable alumina, and plaster) during mixing and curing steps produce hydrated compounds that restrain the matrix particle movement. Colloidal binders (such as aqueous suspensions of silica and alumina nanoparticles) and polymeric binders (chitosan and sodium alginate) work in a similar way hardening the structure [7, 19] . Because all these chemical reactions and the setting of the structures occur in the presence of water, most of the spaces it occupies during mixing are preserved during the curing and drying steps. As a consequence, direct casting usually produces structures of higher porosity than other consolidating methods (such as pressing and slip-casting) [21, 26] .
is last aspect has been recently used as an advantageous way to produce porous ceramics. Aqueous suspensions of calcined alumina or silica (dense matrixes), several inorganic porogenic agents (hydrotalcite [8] , Al(OH) 3 [9, 10] , Mg(OH) 2 [27] , and CaCO 3 [28] ) and hydratable alumina were produced and directly cast using hydraulic binders (hydratable alumina, mainly). In these systems, the total porosity levels attained after curing and drying (50-120°C, 45-60%) were close to the volumetric amount of water initially added during mixing (40-55%). After thermal treatment (up to 1700°C), pore content increases occurred due to the dehydroxilation/decarbonatation of the porogenic agents and hydrated phases of the hydraulic binders.
erefore, the final total porosity levels of these castable suspensions can be defined as a contribution of pores formed by water during the setting period (Figure 1(c) ) and by the decomposition of porogenic agents. Based on this statement, it is reasonable to assume that by controlling the water amount in the composition, the total porosity level of the structures can be designed.
For each system, there is an optimum amount of water to produce stable castable suspensions that can be determined by means of viscosity measurements. If the water content in the casting suspensions is excessive, particle sedimentation may occur. On the other hand, if the total water amount in the system is not enough to wet and spread particles, a continuous medium is not formed. In both cases, structures of low homogeneity are produced. To overcome these aspects and study the impact of a wide variation in the water content in physical properties of castable systems, the present study used two strategies: (1) to produce suspensions of very high solid loads (60-95 vol.%), water was added to the powders as a spray and the consolidation was assisted by isostatic pressing and (2) to prevent particle sedimentation, the initial setting of very low solid-load suspensions (20-55 vol.%) was performed in a rotating device that slightly agitates the liquid inside the molds before hardening. e samples prepared by these methods were compared to others produced in a conventional paddler mixer and static casting conditions (solid load varying from 20 up to 75 vol.%).
Experimental
Raw materials: calcined alumina (CA, E-sy 1000, Almatis, USA), hydratable alumina (HA, Alphabond 300, Almatis, USA), dispersant (diammonium citrate, C 6 H 14 N 2 O 7 , DAC, Synth, Brazil, 0.30 wt.% dry-basis), and distilled water (from 5 vol.% up to 80 vol.%) ( Table 1 ). e optimum dispersant content was previously determined and was in good agreement with other reports [13] .
Samples were prepared using three different casting and curing methods ( Pores generated by water during the curing step Figure 1 : Roles of water in the preparation of ceramic particles suspensions: (a) it is a continuous medium for particle dispersion, (b) it improves particle packing through the Wall effect, and (c) it reacts with a hydraulic binder to strengthen the structure.
between two corotating cylinders (10 rpm) at 60 ± 2°C ( Figure 2 ). In such an arrangement, these spheres can rotate freely in all directions, and the gentile movement of the suspensions inside the molds prevents particle sedimentation. After 2 h, all compositions were rigid and remained static for another 22 h at 60 ± 2°C in high-humidity atmosphere. (3) Casting under pressure: to produce samples of a very high solid load, water (5-40 vol.%) was sprayed over the solid particles previously dry-mixed. Afterwards, these humid mixtures were homogenized in an intensive stirrer (IKA1603600, IKA, Germany) and compacted as 70 mm × 16 mm cylinders by isostatic pressing (Trexler CP360, USA, 5 MPa, 60 s), using flexible silicone molds. en, the samples were kept immobile at 60 ± 2°C for 24 h in high-humidity atmosphere. A water-free reference sample was prepared using the same method. After the initial 24 h of curing, all samples were demolded and remained 24 h at 60 ± 2°C and 24 h at 120 ± 4°C in a ventilated atmosphere.
ese curing procedures were used to maximize the binding effect of HA and reduce the likelihood of explosive spalling during the first drying [6, 10, 22, 23] .
Samples were measured (L, length; D, diameter) and weighted (M, mass) immediately after demolding (humid stage, HS) and after drying at 120°C (dried stage, DS). eir linear shrinkage after drying (LS, %) was calculated using
e total porosity (TP, %) of the dried samples was calculated using Advances in Materials Science and Engineering 3
where ρ Solid is the solid density of the material (measured by He pycnometer method in equivalent crushed samples). e Young's modulus (E, GPa) of dried samples was measured using impulse excitation of the vibration technique (Sonelastic, ATCP, Brazil), according to the ASTM E 1876-01 standard ("Standard Test Method for Dynamic Young's Modulus, Shear Modulus, and Poisson's Ration by Impulse Excitation of Vibration"). Each linear shrinkage, total porosity, and elastic modulus result is the average value of five different samples.
Samples' pore size distributions and average pore size (APS) were determined by mercury intrusion porosimetry (PoreMaster 33, Quantochrome Instruments, USA; mercury surface tension equal to 0.480 N·m −1 ; contact angle of 130°) and ranging applied pressure between 0.0014 and 210 MPa. e fractures' cross sections of the samples were examined by field emission scanning electron microscopy (FEG-SEM).
To understand how the workability of the suspensions can affect particle packing and other physical properties, the apparent viscosity of the suspensions (30-80 vol.% of water) was measured (Brookfield Viscosimeter, VLDV-II+PRO, USA) using a coaxial cylinder configuration (barrel: 19 mm diameter by 65 mm length and spindle 17.47 mm diameter by 31.85 mm height). During the measurements (at a shear rate of 50 s −1 for 60 seconds), the temperature of the suspensions was kept at 25°C ± 0.5°C (thermal bath, Brookfield TC-550, USA).
ese parameters were previously determined as sufficient to achieve steady-state conditions. e shear rate of 50 s −1 was chosen because the casting techniques that could be used to install this system usually employ shear rates of 10-100 s −1 . is behavior occurs because during the setting period of the binder, the greater the water content in the formulation, the more apart particles are in the suspension. Consequently, as average space amongst the particles in suspension increases, TP and average pore size enhance linearly. Although the morphology of the pores remained irregular, it was possible to observe a significant reduction in the particles' packing efficiency. Such behaviors are typical from cast systems containing hydraulic binders such as hydratable alumina [6, 7, 10, 29] . On the other hand, further increasing or decreasing in the water content beyond or below this range, respectively, resulted in the opposite behavior, with significant deviations of linearity. ese unusual behaviors can be understood analyzing the processing conditions. Suspensions of water contents below 40 vol.% presented high levels of apparent viscosity (η, Figure 6 ) due to two mains effects. Firstly, for a same solid-liquid pair, low water contents generate denser fluids that require greater energy to be deformed and flow [12, 15, 16] . erefore, the denser the suspensions, the higher their apparent viscosity levels and vice-versa. Secondly, the high solid load reduces significantly the spacing amongst particles and forms narrow channels of nanometric dimension through which water must flow [17, 18] . Due to this, the strong capillarity and attrite forces and the constant shocks generated amongst particles restrain their movement. e usually undesired consequence of the high viscosity is the entrapment of air bubbles during the mixing that increases the porosity of the structure well above the volumetric water content in the composition. Figures 7(a) and 7(b) presents the aspect of such samples at which large millimetric voids are visible at the surface and beneath it in comparison to a defect-free one.
Results and Discussion

Conventional Processing: Suspensions Homogenized in
Conversely, suspensions of high water content (above 60 vol.%) exhibited very low apparent viscosity levels and a linear dependence on the water content in the range of 40-80 vol.%. is effect was reported elsewhere and is also explained by means of the increase in the average spacing amongst particles and of the reduction in the whole density of the suspension [12, 17, 18] . Despite the easy mixing and casting, the intense shrinkage observed after drying ( Figure 6 ) is a harmful side effect. In these suspensions, the excess of water reduced the binding effect of hydratable alumina and favored particle sedimentation Advances in Materials Science and Engineeringduring the curing step ( Figure 5(c) ).
erefore, as the particles were practically free to move around, during the drying step, the water withdrawal shrank the samples reducing their total porosity. Other processing methods (such as slip-casting) use this mechanism to improve particle packing and to produce dense structures. In direct casting, on the other hand, the poor dimension control and the generation of cracks are significant drawbacks that must be avoided.
e effects of water content and, consequently, pore generation upon samples' flexural elastic modulus are shown in Figure 3 . As observed for TP, E presented an interval of linear dependency on the water amount (40-60 vol.%) and different behaviors for lower and higher contents. e linear range can be understood using a simple model known as Rule of the Mixtures [30] . For a composite consisting of n different components, an estimate of its elastic modulus (E Composite ) can be calculated by the sum of each individual modulus value (E i ) multiplied by the correspondent volumetric fraction:
For a porous structure, the elastic modulus of the voids equals zero and (3) can be rewritten as a function of the elastic modulus and volumetric fraction of the dense part (E Dense and ∅ Dense , resp.):
Unlike more sophisticated models, Rule of Mixtures is a simplification of the real case because it does not consider micromechanic effects, such as the effectiveness of the connections amongst particles and average pore sizes and shapes. Nevertheless, it explains the influence of TP on E levels quite well in the linear range. For water contents lower than 40 vol.% and greater than 60 vol.%, the E values drop and rise, respectively, following the TP level: the less porous the structure, the more rigid it becomes and vice-versa [5] .
Samples Cured under Rotation and under Isostatic
Pressing.
e procedure of curing under rotation prevented particle sedimentation (Figure 7(d) ) and reduced drying shrinkage (Figure 8(a) ) significantly in all the water content ranges tested (45-80 vol.%). ese effects indicate that the structure formed during curing, comprised by particles highly spaced amongst each other, was preserved by the binding effect of hydratable alumina. ey also explain why TP levels became linearly similar to the initial volumetric water amount in these compositions after drying (Figure 8(b) ) and the increase in the average pore size (Figure 4 ). e elastic modulus values, on the other hand, were drastically reduced as would be expected (the four smallest levels were ranged between 0.50 and 0.45 GPa) (Figure 8(c) ), due to the large fraction of pores in the structures and the poor interconnections amongst the particles ( Figure 5(c) ). Such very low levels of E for samples of TP greater than 50% are certainly a problem for materials that depend exclusively on the strengthening effect of the hydraulic binders. Concrete and mortar used in civil construction would require strategies to improve mechanical properties, such as fibers or steel bar reinforcement [5] . On the other hand, for systems that are thermally treated after curing and drying (such as high-temperature thermal insulators, e.g.), a significant gain of strength is expected after sintering and the high total porosity levels would be a technological advantage [26] [27] [28] 31] .
Compared to samples prepared by conventional static curing, those cured under pressure presented no detectable shrinkage after drying (Figures 7(e) and 8(a) ), significantly lower TP values (Figure 8(b) ), and average pore size (Figure 4) . ese effects relate to the high efficiency of particle packing this shaping method produces ( Figure 5(c) ) and to the extremely low volume of water added to the compositions. In the water content range of 25-40 vol.%, the TP reduction generated a huge gain of rigidity (Figure 8(c) ) at which the greatest E value is two times higher than the best result achieved for conventional processing and almost three times than those cured under rotation. ese results suggest that for applications where the initial green strength is mandatory, curing under isostatic pressure could be a suitable alternative to adding larger amounts of binders.
For water contents below 25 vol.%, samples' TP values stabilize around 25%, and E levels are significantly reduced.
To understand these effects, it is important to observe the behavior of the water-free reference sample. Because no water was added to this composition, the TP value attained after compacting relates to the pores generated by packing flaws amongst the particles (24.8%). is residual porosity could be reduced by means of changing the particle size distribution of the calcined alumina matrix [16, 17] , but these points are beyond the scopus of the present study. On the other hand, the rigidity of these samples is a combination of the binding action of hydratable alumina and particle packing [6, 10, 16, 18] . e fact that the rigidity of the low water content samples is similar to the water-free one shows the low effectiveness of the hydraulic binder in such compositions. A possible explanation for that is that there was no enough water in the system to promote full hydroxylation of hydratable alumina [23] [24] [25] .
Conclusions
Water can be a powerful porogenic agent for high-alumina structures consolidated by direct casting. In these materials, changing the volumetric amount of water in the composition directly affected the physical properties of the structure attained. When a conventional paddler mixer was used for homogenization, there was an intermediate water content range (40-60 vol.%) at which the suspensions produced presented good workability (low apparent viscosity and no significant sedimentation) and low drying shrinkage. In this range, the total porosity, average pore size, and flexural elastic modulus measured after drying presented a strong linear dependency on the original water content. When the water contents were excessively increased or reduced, processing drawbacks occurred. In the diluted suspensions (65-80 vol.% of water), particle sedimentation occurred and Advances in Materials Science and Engineering structures of low homogeneity and high drying shrinkage were generated. For the more concentrated ones (5-35 vol.% of water), on the contrary, the poor workability promoted excessive entrapment or air bubbles increasing total porosity and reducing elastic modulus. e rotating device used to prevent particle sedimentation allowed the casting and curing of compositions containing up to 80 vol.% of water without segregation. For these samples, total porosity values were close to the original volumetric amount of water in the formulation, and their drying shrinkage was significantly reduced compared to conventional processing. Samples cured under isostatic compression and containing water amounts between 25 and 40 vol.% were the strongest amongst all the compositions tested because of their low total porosity and effective binding action of hydratable alumina. Additional water content reductions (0-20 vol.), on the contrary, did not further decrease the pore content. is behavior can be explained by the interparticle packing flaws intrinsically present in this system that became the main pore generator. Besides this, it is possible that the small quantity of water present in these samples was not enough to fully hydroxilate the hydratable alumina, reducing its binding effect.
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